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1
ANGULAR POSITION SENSOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of International Appli-
cation No. PCT/GB02/03175 filed Nov. 15, 2002, the dis-

closures of which are incorporated herein by reference, and
which claimed prionty to Great Britain Patent Application

No. 0127491.9 filed Nov. 16, 2001, the disclosures of which
are incorporated herein by reference.

BACKGROUND OF THE INVENTION

This mnvention relates to improvements 1 angular posi-
tion sensors, and 1n particular to a rotary encoder suitable for
determining the absolute angular position of the rotor of a
brushless electrical motor over a complete mechanical revo-
lution.

Angular position sensors—oiten referred to as rotary
encoders—have a wide variety of applications although they
are most often used to determine the angular position of the
rotor of a motor. This positional information can be used in
a control strategy for the motor. In many applications-
including motors-the rotating shait or rotor will make an
almost unlimited number of revolutions during their work-
ing life. To allow for this most encoders are non-contact and
employ an encoding mask fixed to the shaft which 1is
sandwiched between at least one detector and a light source.
The encoding mask carries at least one annular track of
encoding elements which pass between the source and the
detector to modulate the radiation reaching the detector.

Rotary encoders generally fall into one of two categories:
absolute position encoders and relative position encoders.
An absolute position encoder 1s a device capable of provid-
ing an output signal indicative of the angular position of the
rotor to a limited angular resolution. These devices typically
include more than one encoder tracks and the output is
commonly an N-bit signal (N greater than one) with each bit
or “channel” being obtained from a respective track on the
encoder. The choice of pattern of the encoding elements 1n
cach track determines the value or “state” of the output
signal at any angular position of the encoder. For example,
to provide an output signal with 16 unique states requires 4
encoder tracks. Each output state corresponds to a range of
angular positions of the rotor over a complete 360 degree
revolution. In the example given with a 4-bit (16 state)
output each state indicates that the rotor 1s within a particular
22.5-degree range (360/16 degrees). A key advantage of
such a device 1s that a position value 1s obtained upon the
instant that the device 1s switched on from the pattern of
encoder elements between the source and the detector.

Relative encoders—sometimes referred to as incremental
encoders, on the other hand, detect the position of the
encoder disk relative to a datum by counting transitions
between states, which occur as encoder elements pass
between the source and the detector. In 1ts purest form only
a single track of encoder elements 1s required. The output
will have only two states, and will repeat many times over
one revolution. These devices typically ofler a higher reso-
lution than absolute position devices and are less expensive.
A disadvantage over absolute encoders 1s that the position
information 1s lost 1f power 1s removed from the counter and
the encoder 1s rotated whilst power 1s switched off. When
power 1s returned the position of the datum 1s unknown.

The most common form of incremental encoder 1s the
quadrature encoder. This employs an encoding disk, which

10

15

20

25

30

35

40

45

50

55

60

65

2

carries a single annular track of encoding elements. When
rotated past two detectors the elements produce two quadra-
ture (often sinusoidal) output signals that each vary periodi-
cally between one state and another over a revolution. One
signal A leads the other B by ninety degrees. This type of
device, which 1s well known 1n the art, has a relatively high
resolution determined by the period of the encoding ele-
ments. It also allows the direction of travel of the rotor to be
determined.

The applicant has proposed to use the output of an angular
position sensor to provide an indication of the electrical
angle of a multipolar motor. This can be used in order to
control the commutation of the motor. For example, with a
p=6 pole motor there are p/2=3 complete electrical revolu-
tions per mechanical revolution of the rotor. The sequence of
commutation of the motor windings 1s therefore repeated 3
times within each complete mechanical revolution. For
motor control only the electrical commutation states need to
be determined and an absolute encoder can therefore be
provided which has an encoding pattern that repeats three
times over a mechanical revolution. However, 1f an absolute
measurement ol mechanical position 1s required 1t becomes
necessary to provide additional encoding tracks. For the
example of a s1x pole motor a minimum of an additional two
tracks are required to give suflicient values to uniquely
identify all 18 commutation states. The need for the extra
tracks simply to determine which electrical revolution the
motor occupies 1s disadvantageous as 1t increases the com-
plexity of the device.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to provide an
angular position sensor which provides both an absolute
position signal over a complete mechanical revolution of a
rotor whilst ameliorating the disadvantage associated with
prior art relative and absolute encoder devices.

In accordance with a first aspect the invention provides an
angular position sensor suitable for use 1n combination with
the rotor of an electrical motor comprising:

an absolute angular position encoder having a plurality of

tracks of encoder elements and producing a first output
signal having a period corresponding to an electrical
revolution of the motor and less than a mechanical
revolution of the rotor, the output signal of the absolute
position encoder changing state at a plurality of pre-
determined transition points within a period;

an incremental encoder having at least one track of

encoder elements and producing a second output signal
which varies periodically over a complete revolution of
the rotor, and in which the two encoders are so con-
structed and arranged that the first output signal from
the absolute encoder and the second output signal from
the incremental encoder provide suflicient information
to produce a third output signal indicative of the
absolute mechanical position of the rotor.

The invention thus combines the outputs of both an
incremental and an absolute position encoder to allow the
absolute mechanical position of the motor (1.e. which elec-
trical revolution 1t occupies) to be determined.

To produce the third-output signal the first output signal
may be a multi-state signal and the two states of the first
output signal either side of a transition in the first output
signal combined with the state of the second output signal at
the point of the transition may be arranged to provide a
unique combination for every transition of the first output
signal over a complete mechanical revolution.
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For example, the first output signal may comprise a three
channel signal with each channel being able to adopt one of
two states such that a total of eight umique states can be
represented across the three channels. The first output signal
may cycle through all, or a subset of this total number of
channels, across a single period which preferably corre-
sponds to a complete electrical revolution of the motor. The
pattern may be repeated for each electrical revolution in a
complete mechanical revolution.

The state of the second output signal may be arranged to
be the same immediately before and aifter a transition of the
first output signal, 1.e. transitions in the state of the first
output signal and second output signal may be kept mis-
aligned. Thus, 1n such a case, the second output signal
should be arranged to have at least as many possible states
as there are electrical revolutions of the motor across one full
mechanical revolution.

For example, 11 the motor passes through three electrical
revolutions 1 one complete mechanical revolution the sec-
ond output signal should have at least three possible states.

One or both of the first and the second output signals may
comprise digital signals, or other types of signals having
stepped changes 1n value.

Most preferably the period of the second output signal of
the incremental encoder 1s shorter than the period between
transitions 1n the state of the output signal from the absolute
position encoder. This 1s advantageous as i1t allows the
output of the incremental encoder to be used to improve the
angular resolution of the output signal from the absolute
encoder. By period we may mean the angle of rotation across
which the state of the second output signal passes through all
its possible or chosen states before 1t repeats 1itself.

As stated herembelfore, to enable the mechanical position
to be determined the values or states of the absolute and
incremental output signals around a step change 1n the
output of the absolute position sensor must be unique for
cach transition. This can be achieved by the appropnate
selection of the angular resolution of the incremental
encoder and the relative alignment of the encoder tracks of
the absolute and incremental encodes.

Each step change (transition) 1n the value (or state) of the
output of the absolute encoder 1s preferably aligned with a
respective commutation point of the motor. Thus, as a
transition occurs a commutation of the motor may be
allected. This requires that the output of the absolute
encoder has enough diflerent values or states across a period
to uniquely i1dentify each commutation point. Thus, the
number of possible states of the output signal of the absolute
encoder should be equal to or greater than the number of
commutations over an electrical revolution.

In some 1nstances, 1t may not be possible to provide a
unique combination for the values from the absolute and
incremental encoders at each transition with the transitions
exactly aligned with the commutation points for the motor.
In this case the angular position of the transitions steps 1n the
state of the output of the absolute position sensor may be
oflset slightly relative to the commutation points to ensure
that a unique combination of absolute and incremental
encoder values occurs for each transition within a mechani-
cal revolution.

For mstance, 1n one arrangement 1t may be oflset from the
ideal positions by less than one period of the output of the
incremental encoder. As all adopted states of the second
output signal occur once 1n each period such a misalignment
allows any state of the second output to be matched to a
transition of the first output signal. Such a slight misalign-
ment will not significantly atfect the accuracy of the device
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4

as the output of the incremental encoder provides the high
resolution needed and i any event the exact commutation
point 1s not especially critical 1n most applications.

The absolute encoder may produce a multi-state output
signal, 1n which the number of states of the signal over an
clectrical revolution 1s greater than or equal to the number of
commutation points within one electrical revolution of the
motor that 1s being monitored by the sensor. It may also have
insuflicient states to represent a unique value for every
commutation within a complete mechanical revolution. For
example, where the motor comprises a three-phase motor the
absolute encoder may have three encoder tracks producing
a three-bit output signal-—each track corresponding to one
bit of the output. This gives a maximum of eight possible
states, which 1s suflicient to uniquely 1dentify each of the six
commutation points within a complete electrical revolution
with two states being unused. A Gray code may be used for
the output signal such that as the rotor rotates only one bit
of the output changes at each transition across an electrical
revolution.

The encoder tracks of each of the absolute and incremen-
tal encoders may comprise annular sets of encoding ele-
ments provided on a common encoding mask. The mask
may comprise an opaque element such as a disk with each
of the tracks on the encoding mask comprising sets of
apertures or windows 1n the mask separated by opaque
regions. Each aperture may be arcuate. The pattern for each
of the absolute encoder tracks may be the same, with the
apertures of one track out of phase with those of the
remaining track.

Where the encoding elements comprise apertures or win-
dows 1n an encoding mask a source of radiation may be
provided on one side of the mask with a detector provided
on the other side such that a region of the encoding track 1s
interposed between the source and the detector.

In an alternative the encoding mask may comprise one or
more tracks of retlective and non-retlective regions with the
source and the detector located on the same side of the mask.
As the encoding mask 1s rotated the elements of the tracks
will sweep past the detectors.

At least one detector may be provided for each track of the
mask. Each detector may produce an intermediate output
signal. The intermediate output signals of two or more
detectors may be combined to produce the first and/or
second output signals.

Each track may comprise 2, or 4, or 8, or 16 or perhaps
more equi-sized and spaced encoding elements. Each encod-

ing element may comprise an arcuate clement extending
between two radil extended from the centre of the annular
tracks.

The detectors may have a generally rectangular active
area. The radial width of each detector may be at least equal
to, and preferably greater than, the radial width of the
encoding elements associated with that detector. This per-
mits some run-out of the encoding mask without affecting
the output of the detector.

For a robust system, 1t 1s still further preferred that two
encoder tracks are provided for each bit of the output of the
absolute encoder with a respective detector for each track,
and 1n which the pattern of encoding elements of each of the
pair of tracks produces a non-inverting and an nverting
intermediate output signal from the detectors. As such the
intermediate output signals of the detectors will be 1n
anti-phase. The non-inverting and inverting intermediate
output signals may be amplified, and the point at which the
signal values cross may be detected using a voltage com-
parator to form a bit of the first output signal. This cross over
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point can be used to indicate the transition of the absolute
encoder value. For example, for a three bit (or channel) first
output signal, three pairs of detectors producing six inter-
mediate output signals may be provided.

The incremental encoder may employ one or more encod-
ing tracks, with at least two detectors arranged such that one
produces a phase and the other a quadrature output signal as
the encoder element rotates. It preferably comprises only a
single track which may have 128 equi spaced apertures
arranged around a circumierence.

At least two detectors-providing a phase and a quadrature
intermediate output signal may be provided which are
associated with the single incremental encoder track.

Each of the phase and quadrature detectors may also be
duplicated to produce non-inverting and 1nverting interme-
diate output signals. In this case the inverting and non-
inverting intermediate output signals may be compared to
give digital edge transition corresponding to the point at
which the signals cross-over.

The width of the or each detector associated with the
incremental track may be equal to the width of the incre-
mental apertures so that each detector produces a triangular
output signal waveform as the disk rotates at a constant
speed.

The annular tracks of the absolute and incremental
encoder may be arranged concentrically about the axis of
rotation of the encoder mask. It 1s most preferred that they
are defined on a common mask, although it may be possible
to provide separate masks 11 desired.

The encoders are preferably both optical encoders. In this
case the source may comprise a light source and each
detector may comprise a photodetector. The photodetectors
may be provided on a common substrate. They may, for
example, be formed on a single piece of semi-conductor and
this semi-conductor may also carry the processing circuitry
used to produce the first and second output signals from the
intermediate output signals produced by the detectors.

For correct functioming of the system it 1s important that
the tracks of the absolute and relative encoder and their
alignment relative to the detectors 1s adequately controlled.
As stated hereinbefore i1t 1s relatively straightforward to
ensure that the alignment of the tracks with each other is
maintained by using a single encoder disk. A problem can
occur, however, 11 the disk 1s not correctly centred about the
rotor axis. A still turther problem can occur 11 the detectors
are misaligned 1n use or during manufacture.

If the detectors are subject to placement errors then there
1s a limit to the maximum error that can be tolerated 1t the
correct electrical phase 1s to be 1dentified.

In order to mimmise the effects of misalignment of the
detectors relative to the tracks 1t 1s proposed that the detec-
tors are all mounted to common support or substrate. They
may comprise silicon based photodetectors which may be
tabricated on a single piece of silicon. Of course, other
semiconductor materials could be used where appropriate
and the mvention 1s not to be limited to silicon detectors.

Many arrangements of encoder track on the encoder mask
may be provided. For example, 1n a preferred arrangement
it 15 proposed that the tracks of the absolute and the relative
encoder comprise a plurality of concentric annular tracks of
encoder elements arranged concentrically such that along a
radius of the encoder mask the mverting and non-inverting,
tracks corresponding to each bit of the absolute encoder are
provided on opposite sides of the or each track of the relative
encoder. Thus, moving away from the axis of rotation there
will be half of the absolute encoder tracks, followed by the
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6

incremental encoder track (or tracks) followed by the
remaining half of the absolute encoder tracks.

Each of a pair of inverting tracks and the non-inverting,
tracks of the absolute encoder may be provided on opposite
sides of the or each incremental encoder track.

For example, denoting each pair of absolute encoder
tracks as A,B,C and a single incremental track Inc, the tracks

may be labelledas A, | A B. .B C, .. C

FFIV? FIOFI-TFIV? 1§ 7 RV FIOFI-TFIV? IFIv?

and an incremental track INC the preferred order moving
away Ifrom the centre of the mask may be:

FTOFI-1FIV

Cnan—i}:v ?BH O —Ir v?An 1 —fnv?INC ?Afn v?Binv? Cz’nv

For the encoding regions of tracks at different radi1 to
subtend 1dentical angles 1in an mnverting and non-inverting,
track they will have greater circumferential width as the
radius of the tracks increases.

The detectors may therefore be so constructed and
arranged that the fractional area swept across each detector
by a region of the encoding disk 1s the same for each
detector.

This can be achueved by making each detector subtend the
same angle about the centre of the disk given that they have
the same radial width. It 1s preferred that the distance from
the central track to each of a pair of inverting and non-
inverting tracks of a bit of the absolute encoder 1s approxi-
mately the same.

In a further refinement the detectors of a pair of non-
inverting and inverting channels may be arranged so that for
a given sensor array yaw angle the increase 1n the swept area
of a detector of an 1nverting channel covered by one encod-
ing element that partially covers that detector as a fraction of
the total active area of that detector i1s the same as the
decrease 1n swept area of the non-1nverting channel covered
by one encoding element that partially covers that detector
as a fraction of the total active area of that detector.

This can be achieved through careful selection of the
radial width of each detector and the length of the detectors.
For example, the radial widths of the detectors the further
they are from the axis of rotation of the encoding mask.

The active area of a detector associated with an encoder
track may be different from the active area of a detector
associated with a different one of the encoding tracks.

The aspect ratio of one or more of the detectors may
therefore differ from that of one or more of the other
detectors. Of course, 1f required the active area of all the
detectors may be equal.

In a further refinement the gaps between the detectors
may be at least twice the maximum expected run-out of the
encoding disk or mask.

Provided that these requirements are satisfied the sensi-
tivity of the device to yaw eflects can be reduced.

It will, of course be appreciated that the advantages
provided by careful selection of detector size and placement
to reduce errors caused by misalignment of the detectors
and/or mask run-out can be applied to any angular sensor
arrangement 1n which annular tracks of encoding elements
are provided.

Therefore, 1n accordance with a second aspect the mnven-
tion provides an angular position sensor comprising:

an encoder mask having at least one annular track of
encoder elements:

a {irst detector adapted to produce a non-inverting output
signal which changes 1n value as the encoder elements
of a track pass the detector;

a second detector adapted to produce an 1nverting output
signal which changes 1n value as the encoder elements
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ol a track pass the detector, the non-inverting output
being an i1nverse of the mverting output signal; and

in which the two detectors are so constructed and
arranged that the fractional area swept across each
detector by a radius of the encoder mask 1s the same for
cach detector as the encoder is rotated about a point at
the centre of the annular track.

In this manner, and optionally through the use of detectors
which have identical sensitivities for a given active area, the
rate of change of the output of each detector as a transition
from an encoder element edge sweeps across a detector can
be made the same for both detectors. If more than two
detectors are provided this can be extended to give an equal
rate of change for all detectors 1f desired.

Additionally or alternatively, the non-inverting and
inverting detectors may be arranged so that for a given yaw
angle of the detectors relative to the encoder mask the
increase 1n the swept area of the mverting detector covered
by one encoding element that partially covers that detector
as a fraction of the total active area of that detector 1s the
same as the decrease in swept areca of the non-inverting
detector covered by one encoding element that partially
covers that detector as a fraction of the total active area of
that detector.

Again, this helps to ensure that any yaw of the detectors
will have an equal and opposite effect on the output from
cach sensor. IT the outputs are passed through a comparator
these eflects will cancel out.

For simplicity, each detector may have a generally rect-
angular active detecting area. The height (radially) of a
detector may be less than the radial height of the encoding
clements of the encoder track with which 1t corresponds.

The detectors may have increasing widths the further they
are from the axis of rotation of the encoder.

If the widths are increasing with distance from the axis of
rotation, then they may preferably have decreasing lengths
moving away Irom the axis. This ensures that the change in
arca with yaw 1s mimimised.

The radial spacing between the detectors may be at least
twice the maximum expected run-out of the encoder.

In accordance with a third aspect the invention provides
in combination an electric motor and an angular position
sensor according to the first or second aspects of the mven-
tion which 1s adapted to measure the angular position of a
rotor of the motor relative to a predetermined datum.

Other advantages of this invention will become apparent
to those skilled in the art from the following detailed
description of the preferred embodiment, when read 1n light
of the accompanying drawings.

BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

FIG. 1 1s an 1sometric view of a portion of an angular
position sensor 1n accordance with the present invention;

FIG. 2 1s a cross-section of the sensor of FIG. 1;
FIG. 3 1s a plan view of the sensor illustrated 1n FIG. 1;

FI1G. 4 1s a plan view of the layout of the detectors relative
to their encoding tracks in the sensor of FIG. 1;

FIG. 5§ 1s schematic illustration of an electronic circuit
which 1s incorporated into the sensor of FIG. 1 for the
processing of output signals from the detectors;

FIG. 6 1illustrates the arrangement of the encoding ele-
ments making up each of the eight tracks of the mask that
define six absolute and two combined relative encoder
tracks:
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FIG. 7(a) 1s a plot of each of the output signals from the
detectors against angular position of the mask over a com-
plete mechanical revolution; whilst

FIGS. 7(b) to (d) illustrate the state of the absolute and
incremental encoders for three typical transitions; and

FIG. 8 shows typical wavelorms at an absolute encoder
transition.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

The angular position sensor illustrated 1n FIGS. 1 to 3 of
the accompanying drawings 1s intended for use with an
clectric motor having a 3-phase star-connected brushless
permanent magnet (PM) configuration. Specifically, the
clectromagnetic design of the motor includes a 6-pole per-
manent magnet rotor and 9-slot copper-wound stator. The
magnetic poles are generally evenly spaced around the rotor.
As the rotor rotates through one complete mechanical revo-
lution there are six PM north-south pole transitions seen at
any point on the stator. Importantly, the motor passes
through three complete electrical revolutions in each com-
plete mechanical revolution. Within each electrical revolu-
tion six commutations are required which occur at 60
degrees electrical (20 degrees mechanical) intervals. As will
be shown 1n the following text, a sensor assembly is pro-
vided which has 18 absolute encoder transitions and 512
incremental encoder transitions over a full motor revolution.

The motor 1s intended for use 1n an electric power steering,
system for a vehicle. To provide accurate control of the
motor an angular position sensor 1s required which will
identily the commutation points of the motor. This allows
the correct voltages to be applied to the motor phases. For
motor control an angular position signal which has six
output values—one value for each of the six commutations
needed 1n an electrical revolution—is needed.

For increased control of the steering system it would also
be advantageous for the angular position sensor to indicate
which electrical revolution the motor 1s on, and also to
provide a higher degree of accuracy than that provided by a
sensor whose output only changes at the commutation
points. The angular position sensor of the present invention
has been developed to meet, 1n at least one embodiment, all
of these requirements.

As shown in FIG. 1, the angular position sensor 1n
accordance with the present invention comprises a combi-
nation of a three bit (three channel) absolute encoder and an
incremental encoder integrated into a single sensing unit 1.
Each encoder produces its own output signals which are
combined together 1n a processing unit provided on an ASIC
2 to provide an enhanced functionality from the sensor as a
whole. It 1s notable that both the detectors of the absolute
and incremental encoders and the processing circuitry are
provided on a single piece of silicon.

The two encoder units are combined 1nto a single detec-
tion head 3 which 1s mounted onto the ASIC. A light source
in the form of a light emitting diode (not shown) 1s also
mounted on the board and transmits light along a light pipe
4, which 1s emitted from an end 5 of the pipe 4 towards the
detection head 3.

A modulating mask 6 1s attached to the rotor whose angle
1s to be measured such that a segment of the mask 1is
interposed between the head of the pipe 4 and the detection
head 3. The mask 6 carries seven concentrically arranged
annular tracks 7 of encoding elements. As the rotor 1s rotated
the mask 6 also rotates.
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The detection head 3 comprises a total of ten photo
detectors. Each detector 1s adapted to co-operate with one of
the annular tracks 7 on the mask 6 to produce a respective
intermediate output signal.

S1x of these detectors are arranged as three pairs and
define the sensing portion of an absolute encoder. Each of
these detectors 1s separated from the end of the light pipe by
a respective encoding track. Thus, the absolute encoder 1s
provided with three pairs of tracks—and hence detectors—
being used to produce a single output channel for the
absolute encoder.

The remaining four detectors form the sensing portion of
an mcremental encoder. A single incremental encoder track
1s provided having 128 equal width and equally spaced
apertures which define arcuate encoding elements. Adjacent
apertures are separated by opaque lands of equal width.

Two of the four detectors of the incremental encoder are
arranged relative to the disk to provide iverting and non-
iverting intermediate output signals to give two equally
spaced transitions as the encoding elements of the incre-
mental track pass the detectors as the encoder disk rotates.

The remaining two detectors similarly provide an invert-
ing quadrature and a non-inverting quadrature output signal
as the disk rotates and are arranged to give a further two
transitions spaced equally between the phase transitions.

The four detectors of the incremental encoder therefore
provide four transitions per incremental encoder track period
giving 512 transitions per mechanical revolution. FIG. 8
shows a typical output signal from the four detectors, and the
phase/quad signals that are derived from them.

The six tracks of the absolute encoder and the single track
of the incremental encoder are arranged concentrically about
the axis of rotation of the mask. This can be seen 1n FIG. 3
and 1n more detail in FIG. 6 of the accompanying drawings.
Each track comprises an annular set of apertures provided 1n
the opaque mask. The tracks are arranged 1n three pairs. One
track of each pair 1s the inverse pattern of the other so that
a pair of detectors working from the two tracks produces an
inverting and a non-inverting intermediate output signal.
These two intermediate signals are combined to produce a
single channel of the first output signal from the absolute
encoder. As there are three pairs of tracks—and three pairs
ol detectors—this results 1n a three channel absolute position
output signal which 1s shown 1n FIG. 7 of the accompanying
drawings. It 1s notable that the output signal pattern repeats
three times over a complete mechanical revolution so it 1s
not possible from this three channel information alone to
unambiguously determine the mechanical position of the
rotor. Of course, other patterns of apertures may be used it
desired.

Although many patterns of encoding elements may be
employed, as shown i FIG. 7 the pattern used in this
example provides the following sequence of output signal
values from each pair of inverting and non-mnverting detec-
tors to be produced as the encoder disk rotates over a
mechanical revolution:

Track:
A B C
0 0 1
0 1 1
0 1 0
1 0 0
1 1 0
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10

-continued
Track:
A B C
1 0 0

1 0 1

This pattern repeats three times over a complete mechani-
cal revolution. An output value of 1 from a channel corre-
sponds to a non-inverting detector of that channel being
tully covered by an encoder aperture and 1ts corresponding
inverting detector being fully covered by an opaque region.
Conversely, a value of zero corresponds to a non-inverting
detector being fully covered by an opaque region and its
iverting detector being fully covered by an aperture. Of
course, as the disk rotates then there will be points at which
the detectors are only partially covered which causes the
intermediate outputs from the pairs of detectors of a channel
to vary linearly between zero and one or vice versa. This 1s
also shown 1n FIG. 8 of the accompanying drawings for a
single absolute encoder channel A. The midpoint where the
inverting and non-inverting outputs cross 1s taken as the
transition point for the state of each channel.

The single incremental encoder track comprises a set of
arcuate windows with equal width opaque regions between
them. The apertures of one track are aligned one quarter of
a period out of phase with the other. As stated hereinbelore
the track co-operates with four detectors, which are circum-
terentially spaced by one half of a period. This 1s 1llustrated
in FIG. 4 of the accompanying drawings.

The output signals from each pair are combined to pro-
duce a triangular position signal which varies as the mask
rotates. In the example considered especially usetul by the
applicant each of the incremental encoder tracks provides
128 windows giving 512 edge transitions over a complete
revolution. This can be seen for approximately one period of
the incremental encoder output in FIG. 8 of the accompa-
nying drawings.

By counting the number of transitions of the incremental
output signal since a transition 1n the state of the output of
the absolute position sensor movement of the rotor can be
accurately determined.

The arrangement of the ten detectors 1s shown 1n the plan
view of the sensing head in FIG. 4 of the accompanying
drawings. The six detectors of the absolute encoder are
arranged 1n a line which 1s aligned with a radius of the mask.
The two pairs of detectors of the incremental encoder are
spaced circumierentially relative to the mask with one
detector of each pair arranged to either side of the line
connecting the detectors of the absolute encoder. All ten
detectors are provided as regions of a common substrate to
ensure that the detectors are accurately aligned relative to
one another.

The order in which the heads are arranged 1s of signifi-
cance 1n this embodiment (although other orders could be
used 1f desired). In particular it 1s notable that the heads
which correspond to the tracks with the shortest period are
provided nearer to the centre of the set. The tracks with the
longest period are provided at the outermost and 1nnermost
positions. Also, the tracks of each pair of detectors are
arranged 1n opposite positions on either side of the central
tracks. This arrangement helps to minimise the eflects of
yaw ol the detectors relative to the mask.

Providing the tracks and the detectors in the arrangement
shown 1 FIG. § provides a relatively high degree of
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tolerance to yaw placement errors and disk run-out. For the
scheme to function correctly 1t 1s important that:

1) The rate of change 1n percentage of detector masked by

a given encoding element must be the same for the
non-inverting and the mverting elements for all tracks
for a given change 1n motor shaft angle (1.e. as the disk
1s rotated); and

2) The rate of change 1n percentage of detector masked by

a given encoding element must be the same for the
non-inverting and the mverting elements for all tracks
for a given change 1n sensor yaw angle.

Point 1 1s satisfied by varying the width of the detectors
such that those nearest the axis of the mask have a narrower
width than those farther from the axis of the mask. Also, the
detectors are provided with decreasing lengths (radially)
moving out from the axis of the mask. This means that the
aspect ratios of the detectors differ to maintain equal changes
in sensitivity for each detector of an inverting/non-inverting
pair.

A Tfurther notable feature 1s that the gaps between the
innermost detectors are equal to twice the expected mask run
out whilst the gap between the outermost detectors 1s greater
than twice the run out. Of course, this may be varied 1n other
applications 11 desired.

An example of a circuit which can be used to process the
intermediate output signals from the ten detectors 1s shown
in FIG. 5 of the accompanying drawings. Each of the
detectors produces a signal which varies between a mini-
mum voltage (typically 0 volts) and a maximum voltage.
The maximum will usually correspond to saturation of the
detector. The value of the output will depend on the amount
of light recetved by the detector. This 1s turn depends on
whether an opaque section of the mask or a window 1s
located between the light source and a detector. It 1s there-
fore clear that the choice of the pattern of windows around
a track determines the output of each detector as the mask
rotates.

Each of the outputs i1s fed to an amplification and pro-
cessing circuit. For each pair of detectors in the absolute
sensor corresponding to a channel (A,B or C) one detector

works with a track having a pattern that 1s an inverse of the
pattern for the track that the other detector works with. Thus,
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for any given position of the mask one track of a pair will
allow a maximum amount of light onto the detector whilst
the other blocks all light or vice versa. This use of a pair of
tracks allows the outputs of the two detectors to be combined
to produce a value that 1s independent of variations 1n the
intensity of the light source over time.

The provision of the absolute and incremental encoders 1n
a single device also enables a signal to be provided which
indicates the absolute mechanical angle of the rotor.

Using the output of the absolute encoder alone, a given
transition 1n the output signal (say in change 1n channel A
from 101 to 001) may mean that the rotor 1s at any one of
three precise positions. To determine which position it 1s 1n
the value of the incremental encoder signals either side of
the transition can be checked. Careful alignment of the
incremental encoder tracks relative to the absolute encoder
edges enables each of the three transitions to be associated
with a unique set of incremental encoder values. In actual
fact, as the incremental encoder can have any one of four
values (00, 01,10 or 11) either side of a transition there 1s a
degree of redundancy present in the system.

A list of the 1deal against actual angles 1s provided 1n the
following table. It 1s notable that each of the 18 absolute
transitions 1s uniquely identifiable by looking at the two
output signals from the incremental encoder and the two
output signals from the two remaining encoder tracks.
Examples of these typical transitions (one from each of

channel A.B and C) are given i FIGS. 7(b), (¢) and (d)
respectively.

It will be appreciated that the exact location of the
absolute encoder transitions deviates slightly from an 1deal
position in which they align perfectly with the commutation
points 1n this example. In practice, such a slight shift waill
have a negligible eflect on any motor control strategy which
uses mnformation from such a sensor. The amount of mis-
alignment needed being relatively small.

In accordance with the provisions of the patent statutes,
the principle and mode of operation of this invention have
been explained and 1llustrated 1n 1ts preferred embodiments.
However, 1t must be understood that this invention may be
practiced otherwise than as specifically explained and illus-
trated without departing from 1ts spirit or scope.

Table of encoder transition states
Possible Motor Position Encoder Transitions
X denote TRACK A, B or C transitions—Transition polarity will depend on direction of rotation
Transition numbers are given by the residue of the PHASE, QUAD and TRACK states once the changing track has been omitted.
9-6 Motor Encoding

Actual Measured Angular Transition Possible Impossible
Commutation PHASE QUAD TRACK A TRACK B TRACK C Angle Angle error  Codes Transitions  Transitions
state No State State State State State (degs) (degs) (degs) Track Number Numbers Numbers
1 0 1 X 0 1 0 0.00 0.00 A5 0001 1 0000 0
2 0 1 0 X 1 20 19.69 -0.31 B35 0010 2 0011 3
3 1 1 0 1 X 40 40.08 0.08 C13 0101 5 0100 4
4 1 1 X 1 0 60 59.77 -0.23 Al4 0110 6 0111 7
5 1 0 1 X 0 80 80.16 0.16 B 10 1001 9 1000 8
6 1 0 1 0 X 100 99.84 -0.16 C 10 1010 10 1011 11
7 0 0 X 0 1 120 120.23 0.23 Al 1101 13 1100 12
8 0 0 0 X 1 140 139.92 -0.08 B1 1110 14 1111 15
9 0 ] 0 1 X 160 160.31 0.31 C5
10 0 X 1 0 180 180.00 0.00 A6
11 0 1 X 0 200 199.69 -0.31 B&®6
12 ] 1 0 X 220 220.08 0.08 C14
13 1 X 0 1 240 239.77 -0.23 A 13
14 0 0 X 1 260 260.16 0.16 B9
15 0 0 1 X 280 279.84 -0.16 C9
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14

-continued

Table of encoder transition states
Possible Motor Position Encoder Transitions
X denote TRACK A, B or C transitions—Transition polarity will depend on direction of rotation
Transition numbers are given by the residue of the PHASE, QUAD and TRACK states once the changing track has been omutted.
9-6 Motor Encoding

Actual
Commutation PHASE QUAD TRACK A TRACK B TRACK C Angle
state No State State State State State (degs)
16 0 0 X 1 0 300
17 0 0 1 X 0 320
18 0 1 1 0 X 340

Measured  Angular Transition Possible Impossible
Angle error  Codes Transitions  Transitions
(degs) (degs) Track Number Numbers Numbers
300.23 0.23 A2
319.92 -0.08 B2
340.31 031 C6

8 codes at 3 Hall line transitions gives 24 possible unique transition identifiers. Only 18 are used for the 9-6 motor

The following 6 codes are not required: A9, A10, B13, B14, C1 and C2
Max angular error = 0.31 degs
Min angular error = —-0.31 degs

The invention claimed 1s:

1. An angular position sensor suitable for use 1 combi-
nation with the rotor of an electrical motor comprising:

an absolute angular position encoder having a plurality of
tracks of encoder elements and producing a first output
signal having a period corresponding to an electrical
revolution of said motor and less than a mechanical
revolution of said rotor, said first output signal from
said absolute position encoder changing state at a
plurality of predetermined transition points within a
period;

an 1ncremental encoder having at least one track of
encoder elements and producing a second output signal

which varies periodically over a complete revolution of
said rotor; and

a common encoding mask including encoder tracks of
cach of said absolute and incremental encoders that
comprise annular sets of tracks of encoding elements
with which said absolute angular position encoder and
said incremental encoder are constructed and arranged
so that said first output signal from said absolute
encoder and said second output signal from said incre-
mental encoder provide suilicient information to pro-
duce a third output signal indicative of the absolute
mechanical position of said rotor.

2. The angular position sensor of claim 1 wherein, to
produce said third output signal, said first output signal 1s a
multi-state signal having different states on either side of a
transition 1n said first output signal which, when combined
with the state of said second output signal at the point of said
transition, are arranged to provide a unique combination for
every transition of said first output signal over a complete
mechanical revolution.

3. The angular position sensor of claim 2 wherein said first
output signal comprises a three channel signal with each
channel being able to adopt one of two states such that a total

ol eight unique states can be represented across said three
channels.

4. The angular position sensor of claim 2 wherein said first
output signal cycles through all, or a subset of, said different
states across a single period which corresponds to a com-
plete electrical revolution of said motor.

5. The angular position sensor of claim 4 wherein said
cycle 1s repeated for each electrical revolution 1n a complete
mechanical revolution.
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6. The angular position sensor of claim 1 wherein the state
of said second output signal i1s arranged to be the same
immediately before and after a transition of said first output
signal.

7. The angular position sensor of claim 6 wherein said
second output signal 1s arranged to have at least as many
possible states as there are electrical revolutions of said
motor across one full mechanical revolution.

8. The angular position sensor of claim 1 wherein each
transition 1n the state of said first output signal of said
absolute encoder 1s aligned with a respective commutation
point of said motor.

9. The angular position sensor of claim 8 wherein said
motor has a number of communications over a complete
revolution and said output signal from said absolute encoder
has a number of possible states which 1s equal to or greater
than said number of commutations of said motor over an
electrical revolution.

10. The angular position sensor of claim 9 wherein the
angular position of said transitions 1n said state of said first
output signal of the absolute position sensor 1s oflset slightly
relative to said communications of said motor to ensure that
a unique combination ol absolute and incremental encoder
values occurs for each transition within a mechanical revo-
lution.

11. The angular sensor position of claim 10 wherein said
transitions 1n said first output signal are offset from said
commutation, by less than one period of said second output
signal of said incremental encoder.

12. The angular position sensor of claim 1 wherein at least
one of said first output signal and said second output signal
comprise signals having stepped changes 1n value.

13. The angular position sensor of claim 1 wherein said
second output signal from said incremental encoder 1s
periodic and a period of said second output signal 1s less than
a period between transitions 1n said state of said first output
signal from said absolute position encoder.

14. The angular position sensor of claim 1 wherein said
absolute encoder produces a multi-state first output signal,
having a number of states over an electrical revolution
which 1s not less than the number of commutation points
within one electrical revolution of said motor that 1s being
monitored by said sensor.

15. The angular position sensor of claim 14 wherein said
first output signal has msutlicient states to represent a unique
value for every commutation within a complete mechanical
revolution.
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16. The angular position sensor of claim 1 wheremn a
multiple bit Gray code 1s used for said first output signal
such that, as said rotor rotates, only one bit of said first
output signal changes at each transition across an electrical
revolution.

17. The angular position sensor of claim 1 wherein each
of said absolute encoder tracks have a pattern which 1s the
same, with at least one track out of phase with the other
tracks.

18. The angular position sensor of claim 1 wherein said
encoding elements comprise apertures 1 said encoding
mask and a source of radiation 1s provided on one side of the
mask with a detector provided on the other side such that a
region of said encoding track 1s interposed between said
source and said detector.

19. The angular position sensor of claim 1 wherein said
encoding mask includes at least one track of reflective and
non-reflective regions with a source of radiation and a
detector located on the same side of said mask.

20. The angular position sensor of claim 18 wherein at
least one detector 1s provided for each track of said mask.

21. The angular position sensor of claim 20 each detector
produces an intermediate output signal, and intermediate
output signals of at least two of said detectors are combined
to produce at least one of said first output signal and said
second output signal.

22. The angular position sensor of claim 1 wherein said
incremental encoder employs at least one encoding track,
with at least two detectors arranged such that one of said
detectors produces a phase output signal and another of said
detectors produces a quadrature output signal as said encod-
ing mask rotates.

23. The angular position sensor of claim 22 wherein each
pair of said phase and quadrature detectors are duplicated to
produce non-mnverting and inverting intermediate output
signals, which are compared to give a digital edge transition
corresponding to the point at which said output signals
Cross-over.

24. The angular position sensor of claim 22 wherein each
detector has a width and said width of each detector asso-
ciated with the incremental track 1s equal to the angular
width of the elements of the incremental track so that each
detector produces a triangular output signal waveform as the
disk rotates at a constant speed.

25. The angular position sensor of claim 18 wherein said
encoding mask 1s a disk having a center and said detectors
are so constructed and arranged that the fractional area of
track swept across each detector by a region of the encoding,
disk 1s the same for each detector.

26. The angular position sensor of claim 25 wherein each
detector subtends the same angle about said center of said
disk and has the same radial width.

277. The angular position sensor of claim 18 wherein said
detectors are spaced by a distance that 1s at least twice a
maximum expected run-out of said encoding disk.

28. The angular position sensor of claim 1 wherein each
encoding element comprises an arcuate element extending
between two radin extended from a center of said annular
tracks, with a radial width of each detector not less than a
radial width of said encoding elements associated with that
detector.

29. The angular position sensor of claim 1 wherein two
encoder tracks are provided for each bit of said first output
signal of said absolute encoder with a respective detector for
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cach track, and in which each of the pair of tracks comprises
a pattern of encoding elements that produces a non-inverting
and an mverting intermediate output signal from said detec-
tors.

30. The angular position sensor of claim 29 wherein said
non-inverting and mverting intermediate output signals are
amplified, and a cross-over point at which a valve of said
signals cross 1s detected using a voltage comparator to form
a bit of said first output signal, with said cross-over point
being used to indicate a transition of said absolute encoder
value.

31. The angular position sensor of claim 29 wherein said
tracks of said absolute angular position encoder and said
relative angular position encoder comprise a plurality of
concentric annular tracks of encoder elements arranged
concentrically on an encoder mask such that along a radius
of said encoder mask-said inverting and non-inverting tracks
corresponding to each bit of said absolute angular position
encoder are provided on opposite sides of the track of said
relative angular position encoder.

32. The angular position sensor of claim 31 wherein,
denoting each pair of absolute encoder tracks as A,B,C and
a single incremental track INC, said absolute tracks being

labeﬂed as Aiﬂw Aﬂoﬂ—iﬂw Bz'ﬁ'w Amw Bﬂc}ﬂ—mw Cz'ﬂw CHGH—I’HV
and said incremental track INC, said tracks are arranged 1n
the following order moving away from the center of said

encoder mask:

C B A

11 OFI-TH VY

C.

IF"

INC, A, _, B

FIOR-1FVY ROR-IRVe Iy 111"

33. The angular position sensor of claim 28 wherein the
detectors of a pair of non-inverting and inverting channels
are arranged so that for a sensor array having a given yaw
angle an increase 1 the swept area of a detector of an
inverting channel covered by one encoding element that
partially covers that detector as a fraction of the total active
area of that detector 1s the same as a decrease 1n swept area
of said non-inverting channel covered by one encoding
clement that partially covers that detector as a fraction of the
total active area of that detector, compared with a sensor
array having zero yaw angle.

34. The angular position sensor of claim 1 wherein said
encoders are both optical encoders, comprising a source
comprising a light source and each detector comprising a
photodetector, provided on a common substrate.

35. The angular position sensor of claim 34 wherein said
photodetectors are formed on a single piece ol semi-con-
ductor which also carries a processing circuitry used to
produce said first and second output signals from output
signals produced by said photodetectors.

36. The angular position sensor of claim 1 wherein, each
encoder has a generally rectangular active detecting area.

37. The angular position sensor of claim 29 wherein a
radial height of a detector 1s less than a radial height of said
encoding elements of said encoder track with which 1t
corresponds.

38. The angular position sensor of claim 31 wherein said
detectors have increasing widths the further they are from
the axis of rotation of said encoder.

39. The angular position sensor of claim 38 wherein said
detectors have decreasing lengths moving away from an axis
of said encoder mask.
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